To study the performance and microstructure of TC17 thin-walled parts in shock wave and its reflection wave induced by laser, TC17 titanium alloy samples are processed using YAG laser with the wavelength of 1064 nm, pulse energy of 7J and pulse width of 15ns. Thus, its residual stress, microhardness and microstructure of overlapping shock with different thickness are obtained. The results show that with the thickness increasing, the front micro-hardness increases, and the reverse micro-hardness increases firstly and then decreases. The variation of residual stress with the thickness is consistent with the micro-hardness. The front residual stress maximum reaches -496.5MPa at the thickness of 5mm, and the reverse residual stress maximum reaches -171.1MPa at the thickness of 2mm. With the increase of thickness, the distribution of surface dislocations is more uniform, the grain refinement effect is more obvious, and the strengthening effect is the better. The causes of the variation of the double-sided residual stress field with the thickness are explained by theoretical analysis of the propagation and reflection of the shock wave in the material. The conclusions of this investigation have significance for the optimization of laser shock peening thin-wall workpieces.
INTRODUCTION
In the field of aerospace, reducing the structure weight of the aircraft is achieved mainly by using high-performance thinwall parts 1 . However, the surface performance of the workpieces is the most key factor for whole working life because the failure of thin-walled parts starts from the surface. Therefore, the surface strengthening technology is necessary to improve the performance of thin-walled workpieces 2 . Laser shock peening (LSP) is a well-known surface treatment technology which has been widely applied to the surface strengthening of aerospace materials due to its strong controllability, good strengthening effect and no heat effect and so on [3] [4] . The principle is that involves irradiation of the thin opaque coating layer with high-energy short-width laser pulses causing instantaneous vaporization of the surface layer into high-temperature high-pressure plasma. The expansion of the plasma generates high-speed compressive shock waves that propagate into the components due to the constraints of the transparent confining layer which can drive the particle movement in a very short period. When the shock wave pressure exceeds the dynamic yield strength of the material, the particles won't return to the original position causing the formation of residual stress field, dislocation, twin crystal and other micro-configuration changes. It can improve the surface properties of the material such as the fatigue life, hardness, wear resistance and other related properties [5] [6] . Compared with the thick workpieces, the shock wave propagation process is more complicated, and the suitable process window is narrower for the thin-wall pieces LSP. Some scholars have studied to improve effect of the thin-walled part LSP. For example, residual stress fields of all AM50 Mg alloy sheets with different thicknesses treated by two-sided simultaneous LSP are simulated using ABAQUS software 7 . However, the author didn't conduct the relevant experimental verification, and two-sided simultaneous LSP is easy to generate residual tensile stress and microcracks in the middle of thin-wall workpieces which is harmful to fatigue. Goran 8 researches the open-hold thin aluminum specimens with LSP and obtain the residual stress in the depth direction. Nevertheless, the existing researches mainly focus on analyzing the distribution of residual stress field in thinwalled parts by simulation. Rarely research reports the microstructure analysis on shock region of thin-walled parts with different thickness.
The TC17 alloy which is a kind of α-β type biphasic titanium alloy has been widely used in aerospace industry due to its advantages of high strength, good fracture toughness, high hardenability and wide forging temperature range. In this Shock region (Front) paper, the experimental of the TC17 specimens LSP with different thickness is investigated. The conclusions of this investigation have significance for the optimization of laser shock peening thin-wall workpieces.
EXPERIMENT
The SIA-LSP-1 equipment made by Shenyang Institute of Automation Chinese Academy of Sciences is used for the laser shock peening experiment. Laser peening was carried out with pulse energy of 7J, wavelength of 1064nm, pulseduration of 15ns, frequency of 1Hz and overlapping rate of 50%. In laser peening process, the laser beam passer through the transparent confining layer and strikes on the ablating medium layer with a ∅3mm circle laser beam spot. The 100μm thickness black tape from 3M Inc was used as an ablative medium layer to protect the sample from thermal effects and 2mm thickness water was used as confining layer. Fig.1 The specimens of laser shock peening The TC17 alloy samples are cut into small specimens with dimensions of 20mm×20mm×1-5mm (thickness), using the DK7740 wire cutting machine from Bao Marg Inc. Prior to the peening process, the front and reverse surfaces of specimens were grounded with 1200 grit sandpaper followed by final polishing to the surface roughness of 0.8μm, and then were treated for the vibrating aging treatment by stress relieving device in 2min. At last, the ethanol is used to remove the surface of the oil clean before high purity nitrogen blowing, as shown in Fig 1. After the LSP experiment, residual stress was determined using the fixed inclination ψ0 method by Photo-LXRD X-ray diffraction device from Proto Inc according to the EN-15305-2008 standard. ψ0 angles were 22 °, 19 °, 11.54 °, 5.51 °, 1.94 °, 0 °, -1.94 °, -5.51 °, -11.54 °, -19 °, -22 ° respectively. The Cu-Kα characteristic curve, the wavelength of 1.541838Å, the diffraction crystal plane (213) and 2θ angle of 142 ° were chosen. To reduce the effect of the number of coarse grains, a ± 3 ° swing was made at each ψ0 angle in the test to increase the number of diffracting crystal planes which can obtain an accurate peak value. The micro-hardness of the samples before and after LSP was measured using a THVS-1 micro-hardness tester, with load of 1000g and holding time of 15s; an average of five measurements was used for each test point. Surface microstructures of the samples before and after LSP was characterized using Tecnai G2 F20 S-TWIN transmission electron microscope. The surface topography was measured using a Micro-XAM 3D non-contact optical.
RESULTS

Residual stress of double-sided surface
In laser peening, the surface of the material is shocked by high-pressure peak shock wave, often resulting in compressive residual stresses being produced at surface of the material. Fig.2 shows the double-sided residual stress of laser peened region with different thickness of specimens. From Fig.2 , the compressive residual stress on the front surface increases with the increase of thickness. The residual compressive stress is -496.1MPa at the thickness of 5mm. When the thickness is 1mm, the residual compressive stress on the front surface decreases obviously which is only -211.2MPa, and the strengthening effect is reduced by 57.4% compared with 5mm. The reverse residual compressive stress is smaller compared with the front. The residual compressive stress on the reverse surface increases firstly and then decreases with the thickness decreasing. The residual compressive stress reaches the maximum which is -171.1MPa at the thickness of 2mm. Therefore, the specimens have better strengthening effect for the thickness of more than 2mm at the process parameters of this paper. 
Micro-hardness of double-sided surface
Hardness is a basic mechanical property of metal material, which can be defined as the resistance to indentation. Higher hardness value can bring in a better property of resistance for the wear and foreign object damage to some extent. Fig.3 shows the double-sided micro-hardness of laser peened region with different thickness of specimens. From Fig.3 , the micro-hardness on the front surface increases with the increase of thickness. The front micro-hardness is 440.9HV at the thickness of 5mm, increased by 14% compared with original material. When the thickness is 1mm, the front microhardness decreases obviously which is only 415.2HV. The reverse micro-hardness increases firstly and then decreases with the thickness increases. The reverse micro-hardness maximum reaches 416.1HV at the thickness of 2mm. Laser shock peening could improve micro-hardness onto the TC17 alloy surface, because plastic deformation, high-density dislocations, and fine grain are induced on the material surface by high-pressure shock waves. According to the dislocations reinforcement theory, generation and motion of dislocations can lead to the work hardening. The microhardness value (Hv) can be described by equation (1)
Where H v0 represents hardness of an ideal material without defects, a is a constant based on material itself, G denotes the shear modulus, b is the value of Burger vector; β represents the dislocation density. So, the hardness of the material is proportional to the dislocation density. As the thickness increases, the dislocation density of the surface on the front increases, and then the microstructure of the material is analyzed specifically in 2.3. Fig.4 shows the microstructure of TC17 samples before and after LSP with different thickness. Fig.4a ) indicates virginal features of the specimen without LSP. The microstructure is very regular, and which is identified as α+β phase. There is a small amount of dislocations and twins on the surface of the material. The electoral electron diffraction of the material without LSP shows a certain directivity. Fig.4b ) presents microstructure micrograph of the laser peened area at the thickness of 1mm. It shows that many dislocations are generated locally, and the dislocation distribution is uneven. The source of cracks is form easily at dislocation-intensive boundaries which unfavorable effects on fatigue performance, reducing the strengthening effect 10 . The electoral electron diffraction orientation is not obvious. The reflection wave in the vertical direction has a great influence on the microstructure of the material, the strengthening effect of the frontal shock wave is counteracted to a certain extent. Dislocation distribution is not uniform because the reflected wave direction and incident wave are not the same. Fig.4c ) and d) presents microstructure micrograph of the laser peened area at the thickness of 3mm and 5mm respectively. It indicates that as the thickness increases, the density of dislocations increases, and the distribution is more uniform. Entanglement, annihilation and recombination of the dislocations caused by the dislocation movement of high-density dislocations make rotation of grains. The orientation difference between subgrain boundaries becomes larger and larger, which transforms into a large-angle grain boundary, finally achieving grain refinement. The shock wave makes the high density of dislocations which increase the randomness of the electoral electron diffraction on the surface. When the thickness is 5mm, the diffraction pattern shows an equiaxed tendency meaning that the grain size of the material surface is refined. Therefore, when the thickness is small, smaller energy parameter is suitable to reduce the impact of reflection waves. Fig .5 shows the surface topography of shock areas at the thickness of 1 mm and 5 mm. When the material has a certain extent thickness, reflection waves has less impact on the material surface due to attenuation. Thus, the shock wave only acts once, and the surface is smooth. When the thickness is small, the material is subjected to multiple impacts due to the reflection of shock waves on different interfaces. Compared with 5mm, reflection waves make the surface rougher at the thickness of 1mm. When the shock wave propagates from substance A to B, it will be reflected and transmitted. According to the conservation equation, both the reflection wave and the incident wave in the whole propagation process are continuous, and the motion of each particle in the material conforms to the mechanical equilibrium, as shown in equation (2) - (4) 11 .
Surface microstructure
Where σ is the amplitude of the stress wave, S denotes the area, t is the time, ρ represents the density, D denotes the wave velocity in the medium, x denotes the distance in the depth direction, and U p is the particle velocity. The subscript I represents the incident wave, T represents the transmitted wave, and R represents the reflected wave. The relationship between incident wave, transmitted wave and reflection wave amplitude can be deduced, as shown in equation (5) . Thus, the direction of the first reflection wave is the same as the incident wave which is the compression wave and form a certain residual compressive stress at the reverse. When the first reflection wave reaches the impact surface, the front contacts with the black tape whose impedance is less than one-fifth of the titanium alloy. So, the direction of the second reflection wave which is the tensile wave is the opposite to the incident wave. It would offset residual compressive stress on the front surface to decrease maximum residual compressive stress. And as the thickness increases, the influence of the second reflected wave decreases. Therefore, the residual compressive stress of the front surface increases with the increase of the thickness. For the thickness of 1 mm, the second reflected tensile wave reaches the reverse and forms the third reflection wave. The direction of the third reflection wave is the same as the second reflection wave which is the tensile wave. It would offset residual compressive stress on the reverse surface to decrease maximum residual compressive stress. Therefore, the maximum residual compressive stress of the reverse surface at the thickness of 1 mm is smaller than the residual compressive stress at the thickness of 2 mm. The greater the thickness, the smaller the third reflected wave, and the larger the residual compressive stress on the reverse surface. However, if the thickness increases to a certain extent, the residual compressive stress formed by the first reflected begins to decrease. In summary, with the thickness increasing, the front residual stress increases and the reverse residual stress increases firstly and then decreases.
CONCLUSIONS
(1) The double-sided residual stress and microhardness of specimens with different thickness were tested by experiments. With the thickness increasing, the front residual stress increases and the reverse residual stress increases firstly and then decreases. The variation of microhardness with the thickness is consistent with the residual stress. The front micro-hardness maximum reaches 440.9HV at the thickness of 5mm, and the reverse micro-hardness maximum reaches 416.1HV at the thickness of 2mm. The specimens have better strengthening effect for the thickness of more than 2mm at the macroscopic level.
(2) The microstructure of specimens with different thickness were tested by experiments. With the increase of thickness, the distribution of surface dislocations is more uniform, the grain refinement effect is more obvious, and the strengthening effect is the better.
(3) The propagation and reflection law of shock wave in materials is studied by the surface morphology and theoretical analysis. The tensile wave and compressional wave generated by the shock wave between the different acoustic impedance interface have a great influence on the distribution of residual stress field that can explain the reasons for the variation of double-sided residual stress field. The results of this study can provide reference for the optimization of thinwalled workpieces.
